Abstract A new myxosporean species, Ortholinea auratae n. sp., is described from the gilthead seabream, Sparus aurata Linnaeus, 1758 (Teleostei, Sparidae) from a fish farm in Algarve, Portugal. Plasmodia and spores were found in the urinary bladder and, less frequently, in the posterior kidney. Plasmodia were polymorphic, presenting an irregular cellular membrane due to the presence of several peripheral projections, which in turn were covered by a glycocalyx-like sheet. Mature spores were subspherical in valvular view and ellipsoidal in sutural view, measuring 9. 0±0.3 (8.2-10
Introduction
The gilthead seabream, Sparus aurata Linnaeus, 1758, is a teleost fish of great economic value in the Mediterranean and Portuguese coasts. Several studies have been conducted on the microorganisms parasitizing this species, mainly in the Mediterranean coast (Fioravanti et al. 2006; Merella et al. 2006; Mladineo et al. 2010) ; however, in Portugal, only one study from the archipelago of Madeira concerns this subject (Costa et al. 1998 ).
Nine myxozoan species have been described infecting the gilthead seabream: Zschokkella auratis (Rocha et al. 2013) , Ceratomyxa sparusaurati , Ceratomyxa sp. 1 ex S. aurata and Ceratomyxa sp. 2 ex S. aurata (Alama-Bermejo et al. 2011) , all from the gallbladder; Sphaerospora sparidarum (Sitjà-Bobadilla and Álvarez-Pellitero 2001), and Sphaerospora sparis (Sitjà-Bobadilla et al. 1992 ; Sitjà-Bobadilla and Álvarez-Pellitero 1995; Bartošová et al. 2013 ) from the kidney; Enteromyxum leei (Diamant et al. 1994 ) from the intestinal tract; Henneguya sp. (Bahri et al. 1996) from the gills and heart; and Kudoa iwatai (Diamant et al. 2005) , which is a systemic species. Resulting from a parasitological survey conducted in sparid fishes from a southern Portuguese fish farm, a new species belonging to the genus Ortholinea Shulman, 1962 was detected infecting the urinary bladder of S. aurata. This constitutes the first record of a myxosporean parasite described from this organ in the gilthead seabream as well as the first reference of an Ortholinea species from the Portuguese coast.
The genus Ortholinea includes about 20 species, mostly coelozoic in the excretory system, with the exception of four species: Ortholinea visakhapatnamensis, which infects the visceral peritoneum (Padma Dorothy and Kalavati 1993) ; Ortholinea percotti, which infects the gills and fins (Akhmerov 1960) ; and Ortholinea asymmetrica and Ortholinea australis, which infect the gallbladder (Lom et al. 1992; Kovalyova et al. 1993) . Ortholinea species usually infect marine fishes; only Ortholinea africanus is known to parasitize a freshwater host, the Nile tilapia Oreochromis niloticus (Abdel-Ghaffar et al. 2008) . Spores are described as spherical or subspherical, slightly flattened parallel to the sutural plane or pointed posteriorly, and containing two subspherical to pyriform polar capsules and a binucleate sporoplasm (Lom and Dyková 2006) , revealing the lack of precise characteristics for morphological differentiation. In fact, phylogenetic studies have shown that spore morphology constitutes a somewhat artificial criterion for the discernment of true myxosporean taxonomy, further revealing aquatic environment, tissue tropism, and host phylogenetic proximity as more reliable criteria for acknowledging the phylogenetic and evolutionary issues of Myxosporea (Kent et al. 2001; Eszterbauer 2004; Holzer et al. 2004; Fiala 2006; Bartošová et al. 2009; Fiala and Bartošová 2010; Carriero et al. 2013; Rocha et al. 2013) . However, in the case of Ortholinea, GenBank provides sequences for the small subunit (SSU) ribosomal DNA (rDNA) of only three species, hindering the molecular analysis of this genus and giving new need to morphological comparison. The present study seeks to address this gap in the knowledge by providing a morphological, ultrastructural, and molecular description of the Ortholinea species found infecting the urinary bladder of S. aurata.
Material and methods
Between June 2012 and May 2013, 124 specimens of S. aurata were collected from a fish farm facility located at the Alvor estuary, Atlantic coast (37°8′ N, 8°37′ W), Portimão, Algarve, Portugal.
The fish were kept fresh on ice and transported to the laboratory, where dissection was performed and followed by the parasitological survey of various internal tissues and organs. The gills, fins, and eyes were also examined.
Infected samples were examined and photographed using a Zeiss Axiophot microscope (Grupo Taper, Sintra, Portugal), equipped with a Zeiss AxioCam Icc3 digital camera. AxioVision 4.6 software (Grupo Taper) was used for the image analysis. Spore's morphometry was determined from fresh material, in accordance to Lom and Arthur (1989) . All measurements include the mean value±standard deviations (SDs), range of variation, and number of spores measured (range, n).
Infected samples of urine and urinary bladder tissue were collected and prepared for electron microscopy and molecular procedures.
For transmission electron microscopy, small fragments of the urinary bladder containing plasmodia and spores were fixed in 5 % glutaraldehyde buffered in 0.2 M sodium cacodylate (pH 7.4) for 24 h at 4°C, washed overnight in the same buffer, and then postfixed in 2 % osmium tetroxide with the same buffer for 4 h. After dehydration in an ascending ethanol series ending in propylene oxide, the samples were embedded in EPON. Semi-thin sections were stained with methylene blueazure II. Ultrathin sections were double contrasted with uranyl acetate and lead citrate and were observed and photographed using a JEOL 100CXII TEM operated at 60 kV.
For scanning electron microscopy, free spores were isolated from infected urine and fixed in 5 % glutaraldehyde buffered in 0.2 M sodium cacodylate (pH 7.4) for 20 h at 4°C, washed in the same buffer at the same temperature, and postfixed in 2 % osmium tetroxide with the same buffer for 3 h. The samples were then dehydrated in an ascending ethanol series, critical point dried, coated with a goldpalladium alloy (60 %), and observed and photographed in a JSM-6301 F SEM operated at 15 kV.
For the molecular analysis, DNA was extracted from spores preserved in ethanol using a DNeasy™ tissue kit (animal tissue protocol; Qiagen, Germany) according to the manufacturer's instructions. For the amplification of the SSU rDNA, nested PCR was performed. For the first PCR, a set of universal eukaryotic primers was used ( Table 1 ). The total volume of the PCR reaction was 25 μl and comprised 2 μl of genomic DNA, 5 μl of 1 mM deoxynucleotides (dNTPs) (MBI Fermentas), 0.25 μl of each primer, 2.5 μl of 10× Taq buffer (MBI Fermentas), 0.1 μl of Taq polymerase (2 U; MBI Fermentas), and 15 μl of water. The following profile was used to amplify the SSU rDNA region: an initial denaturation step at 95°C for 3 min; 35 cycles at 95°C for 1 min, 55°C for 1 min, and 72°C for 2 min; and termination with an extension period of 72°C for 7 min, before storage at 4°C.
Second PCR was performed using myxosporean-specific primers (Table 1) . PCRs were conducted with a volume of 50 μl consisting of 1 μl of amplified DNA, 10 μl of 1 mM dNTPs (MBI Fermentas), 0.5 μl of each primer, 5 μl of 10× Taq buffer (MBI Fermentas), 0.2 μl of Taq polymerase (2 U; MBI Fermentas), and 33 μl of water. Amplification was carried out using the following profile: 95°C for 3 min; 35 cycles at 95°C for 50 s, 50°C for 50 s, and 72°C for 1 min 40 s; and termination with an extension period of 72°C for 7 min, before storage at 4°C.
PCR cycles were run in a PTC-200 thermocycler (MJ Research). The PCR products were electrophoresed through a 1 % agarose 1× Tris-acetate-EDTA (TAE) buffer gel stained with 1 % ethidium bromide. Amplified DNAwas purified using the EZ-10 Spin Column PCR Purification Kit (Bio Basic Inc.). Purified PCR products were sequenced with the primers listed in Table 1 , using the ABI BigDye Terminator v3.1 Cycle Sequencing Kit with an ABI 3100 Genetic Analyzer.
Phylogenetic analysis was performed using the obtained SSU rDNA sequence of the isolate and other myxosporean SSU rDNA sequences retrieved from GenBank, namely, those presenting the highest similarity score in Basic Local Alignment Search Tool (BLAST). Also included in the analysis were all Ortholinea SSU rDNA sequences available in GenBank as well as the SSU rDNA sequences of the other myxosporean species that have been described from the gilthead seabream and other representative species of myxosporean phylogeny. Tetracapsuloides bryosalmonae and Buddenbrockia plumatellae were selected as out-group species.
To ensure the accuracy of the analysis and to maintain a high tree resolution, sequences with less than 1,000 bp were not used, avoiding loss of information due to shortening of the aligned sequences and the appearance of numerous gaps (Liu et al. 2010) . Alignments were performed with ClustalW in MEGA 5.05 software (Tamura et al. 2011) , with an opening gap penalty of 10 and a gap extension of 4 for both paired and multiple alignments, resulting in a total of 2,481-bp informative characters in the final dataset. Subsequent phylogenetic and molecular evolutionary analyses were conducted using MEGA 5.05, using maximum parsimony (MP), neighborjoining (NJ), and maximum likelihood (ML) methodologies. For MP, the close neighbor-interchange heuristic option with a search factor of 1 and random initial tree addition of 500 replicates was performed. For NJ, a Kimura two-parameter substitution model with gamma distribution (shape parameter=1.4) was performed. For ML, the general time-reversible substitution model with four gamma-distributed rate variations among sites was performed. All positions with less than 95 % site coverage were eliminated from all trees, resulting in a total of 896 positions in the final dataset. The bootstrap consensus tree was inferred from 100 replicates for MP and 500 replicates for NJ and ML.
The second alignment was performed for the SSU rDNA sequence of the case isolate and the SSU rDNA sequences presenting the highest similarity score in BLAST (clustering in the same clade of the case isolate), resulting in a total of 2,129-bp positions in the final dataset. Distance estimation was carried out in MEGA 5.05, using the Kimura twoparameter model distance matrix for transitions and transversions, with all ambiguous positions removed for each sequence pair.
Results
The examination of S. aurata specimens revealed the presence of a coelozoic myxosporean parasite in the urinary bladder (Fig. 1) . Plasmodia and mature spores were observed floating free in the urine and, in more intense infections, covering the inner wall of the urinary bladder (Fig. 1a) . Infection was also found in the terminal portion of the posterior kidney. Prevalence of infection was determined at 51.6 % (64 infected in 124 examined specimens). No symptoms or macroscopic signs of infection were observed. 5′-TTG GGT AAT TTG CGC GCC TGC TGC C -3′ Sequencing Hallett and Diamant (2001) Morphologic description Plasmodia were polymorphic, the most common shape being rounded ( Fig. 1a-d) , and displayed an irregular cellular membrane due to the presence of several long and thin peripheral projections (Figs. 1b and 2a-c), which appeared covering the entire surface of these structures or projecting from only a portion of the plasmodial membrane. A glycocalyx-like sheet enveloped the entire surface of the plasmodia, including the peripheral projections (Figs. 2b, c and 3e). The ectoplasmic margin was transparent and void of organelles, while the endoplasm was denser and granular, presenting several vegetative nuclei, vesicles, and numerous mitochondria (Figs. 1c, d and 2b, c). Plasmodia were polysporous (Fig. 1d) and, less frequently, disporous (Fig. 1c) . Plasmodia containing the earliest stages of sporogenic development ranged between 15.0-42.9 × 14.2-34.4 μm (n=30), while mature plasmodia, containing developing sporoblasts and immature spores (Fig. 3a-c) , ranged between 24.3-55.4 × 22.1-39.6 μm (n=10).
Mature spores were subspherical in valvular view (Fig. 1e, f) and ellipsoidal in sutural view (Fig. 1e) , measuring 9.0±0.3 μm (8.2-10.1; n = 62) in length, 8.3 ± 0.4 μm (7.5-9.1; n=42) in width, and 7.2±0.5 μm (6.3-8.4; n=26) in thickness. The two valves comprising the spore's wall were united along a straight and evident suture line and presented an intricate pattern of surface ridges (Fig. 4a, b) , with few variations between spores. Each valve displayed a minimum of 19 ridges. The sutural ridge was visible and flanked on each side by three to four parallel circular extrasutural ridges. At the center of the valves, the ridges coiled concentrically (Fig. 4b) or instead formed a set of extrasutural central ridges running longitudinally and/or diagonally (Fig. 4a) . Similar to the plasmodia cellular membrane, the spore's wall also appeared enveloped by a glycocalyx-like sheet (Fig. 3d, e) .
Spores contained two equal subspherical polar capsules, 3.2±0.1 μm long (2.9-3.6; n=60) and 2.7±0.1 μm wide (2.4-2.9; n=64), presenting divergent orientation and opening to opposite sides of the suture line. A conspicuous intercapsular process was observed (Fig. 1e, f) . The polar capsules displayed a double-layered wall, comprised of a thin outer electron-dense layer and a larger inner electron-lucent layer surrounding a dense and slightly heterogenous matrix (Fig. 3c, f) . The polar filament coiled in three to four turns and, when extruded, measured 23.6 ± 1.1 μm (22.2-25.1; n = 6) in length. The sporoplasm was binucleated, contained several electrondense sporoplasmossomes, and lacked an iodinophilous vacuole (Fig. 3c) .
The ultrastructural features here described are represented in a schematic drawing (Fig. 5) , providing better perception of the spore's morphology. 
Phylogenetic analyses
The resulting sequences for the SSU rDNA gene, obtained from plasmodia and spores collected from three infected fish specimens, were sequenced and deposited in GenBank under the accession numbers KF703856, KF703857, and KF703858. The three sequences obtained were identical and based on 1,546, 1,660, and 1,689 bp, respectively. Pairwise distances among the SSU rDNA sequences showed the highest similarity to Acauda hoffmani (89.7 %), Myxobilatus gasterostei (85.8 %), Hoferellus gilsoni (79.3 %), Zschokkella sp. AH2003 (77.7 %), and Ortholinea orientalis (79.9 %).
MP/NJ/ML analyses of the SSU rDNA sequences placed the parasite within the excretory system clade of the major freshwater clade, alongside the sequences of A. hoffmani, H. gilsoni, M. gasterostei, Zschokkella sp. AH2003, and O. orientalis, with a bootstrap support value of 67 % for MP, 84 % for NJ, and 55 % for ML (Fig. 6 ). These five myxosporean species infect the kidney, urinary bladder, and ureters of freshwater fish, with the exception of O. orientalis, which infects the ureters of two marine fish hosts, Clupea harengus Linnaeus, 1758 and Sprattus sprattus Linnaeus, 1758. The remaining two sequences of Ortholinea available in GenBank, Ortholinea sp. AL-2006, and Ortholinea sp. HS-2012, which were described from the urinary bladder and kidney of the marine fish Siganus rivulatus Forsskål & Niebuhr (1775), respectively, cluster together at the basis of the freshwater excretory system clade. The freshwater histozoic clade is represented by Myxobolus and Henneguya: one subclade histozoic in the gills, one subclade histozoic in internal organs, and one subclade histozoic in the nervous system of anadromous Salmoniformes. The coelozoic freshwater clade is represented by freshwater Zschokkella, except the marine Z. auratis, and two Sphaerospora species that infect the kidney of their hosts. Forming a more ancient clade at the basis of the main freshwater clade are Chloromyxum leydigi and Chloromyxum clavatum. The marine excretory system clade is represented by members of Zschokkella, Sphaerospora, and one Sinuolinea species; the marine histozoic clade is represented by Enteromyxum and the marine coelozoic clade by Ceratomyxa, Zschokkella, and Ellipsomyxa.
Discussion
In acknowledging the difficulties inherent to the differentiation of genera belonging to the family Ortholineidae (Lom and Noble 1984; Lom and Dyková 2006) , the present study uses Fig. 3 Transmission electron micrographs of Ortholinea auratae n. sp. from the urinary bladder of Sparus auratus. a Plasmodium displaying different sporogenic stages of development, namely, several generative cells (GC), a developing sporoblast (Sb) containing five nuclei, and a mature spore (S) as well as a vegetative nucleus (N) and numerous mitochondria (mt). b Early sporoblast formed by an outer cell, the pericyte (asterisk), surrounding a sporogenic cell (SC) with a distinct nucleus (N). c Mature plasmodium showing two spores contained within a disporous pansporoblast (asterisk). Notice the polar capsules (PC) in longitudinal and transverse section as well as the sporoplasm (Sp) containing several sporoplasmossomes (Sps). d The spore's wall (Wa) was comprised by two shell valves uniting along a straight suture line (arrow) and enveloped in a glycocalyx-like sheet (arrowheads). e Detailed aspect of the glycocalyx-like sheet (arrowheads) enveloping the spore (S) wall. Notice the cellular membrane of the plasmodium (Pl) also covered by a glycocalyx-like sheet (arrows). f Transverse section of a polar capsule, displaying its double-layer wall (arrowheads) containing a heterogeneous matrix (asterisk) and an electron-dense polar filament (PF) combined morphological, ultrastructural, and molecular features to describe the myxosporean parasite infecting the urinary bladder of S. aurata.
Considering that the gilthead seabream inhabits both brackish and marine habitats and that molecular studies suggest tissue tropism as a phylogenetic trend for myxosporeans (Eszterbauer 2004; Holzer et al. 2004; Fiala 2006; Freeman et al. 2008; , only the records of Ortholinea from the excretory system, both freshwater and marine, were considered for morphological comparison. Also, several studies report surface ridges as a reliable feature for morphological differentiation Dyková 1993, 2006; , including for members of Ortholinea (Ali 2000 (Ali , 2009 ; therefore, species with smooth valves were not compared. Among the 20 known Ortholinea species, there are only five species with similar spore dimensions that infect the excretory system and have surface ridges, differing from O. auratae n. sp. in several aspects of the morphometry (Table 2) as well as in the ultrastructural detail of the surface ridges, polar capsules, and suture line. For instance, Ortholinea macruri and Ortholinea striateculus present pyriform polar capsules; Ortholinea undulans also presents pyriform polar capsules, as well as an undulating suture line; and Ortholinea fluviatilis displays a slightly undulating suture line (Meglitsch 1970; Kovalyova et al. 1993; Su and White 1994; Lom and Dyková 1995) .
Turning to consider the ultrastructure of the sporogenic development, O. auratae n. sp. displays pansporoblast formation, thus following what it seems to be the tendency for Ortholinea species, despite the few studies concerning this subject (Padma Dorothy and Kalavati 1993; Lom and Dyková 1995; Sarkar 1999; Ali 2000; Moshu and Trombitsky 2006) . Only O. asymmetrica is known to form spores directly from the generative cells (Kovalyova et al. 1993) . The plasmodial development of O. auratae n. sp. is similar to those usually recognized in coelozoic myxosporeans, since it is characterized by variations in size and the differentiation of peripheral projections, supposedly for the improvement of nutritional intake Álvarez-Pellitero 1993, 2001; Rocha et al. 2011) . On the other hand, the glycocalyx-like sheet covering the plasmodia, as well as the spores, constitutes a rather distinctive feature, which purpose remains unknown, but may be involved in cellular strengthening towards the host immune response as well as the physical and biological conditions of the organ of infection (Rocha et al. 2013) . replicates for MP and 500 replicates for NJ/ML trees. There were a total of 896 positions in the final dataset. GenBank accession numbers are in parentheses after the species name; scale is given under the tree Molecular comparison between members of the genus Ortholinea is hampered by the scarcity of data available in GenBank, which provides sequences for the SSU rDNA of only three Ortholinea species. O. auratae n. sp. showing higher phylogenetic similarity to species of other genera, rather than to the few of its own genus, not only reveals the pronounced lack of data but also demonstrates the significant influence of other phylogenetic criteria compared to the morphologic criterion.
Concerning the molecular based division of myxosporean into the major freshwater and marine clades (Kent et al. 2001; Fiala 2006; Bartošová et al. 2009 ), the Ortholinea species here analyzed, including O. auratae n. sp., constitute exceptions for this main division. It is not a novelty for marine species to cluster within the major freshwater clade, as it occurs for several species of the genera Henneguya, Chloromyxum, Ceratomyxa, Myxobolus, Myxidium, Parvicapsula, and Sphaeromyxa (Fiala 2006; Azevedo et al. 2009; Rocha et al. 2013) as well as for freshwater species to cluster within the major marine clade, as is the case of Ceratomyxa shasta (Kent et al. 2001; Fiala 2006; Fiala and Bartošová 2010) . There are several possible explanations for these exceptions, the main being the migratory pattern of the fish host (namely, for parasites infecting anadromous fishes) (Kent et al. 2001; Fiala 2006 ) and the myxosporean evolution between aquatic environments as inferred with basis on morphologic characters combined with molecular data (Fiala and Bartošová 2010; .
Tissue tropism also constitutes a criterion influencing myxosporean phylogeny (Eszterbauer 2004; Holzer et al. 2004; Fiala 2006; Freeman et al. 2008; Dyková et al. 2013) and is followed by O. auratae n. sp., which clusters together with other species that infect the excretory system. In fact, the analysis here presented supports this phylogenetic trend throughout, excepting only two species, Sphaerospora elwhaiensis and Sphaerospora sp. Hungary EE-2004, which infect the kidney of their hosts (Eszterbauer and Székely 2004; Jones et al. 2011) , but cluster within the freshwater coelozoic clade.
More recently, molecular studies have further renewed the contention that host phylogenetic proximity also influences species clustering, therefore playing an important role in myxosporean phylogeny (Carriero et al. 2013; Moreira et al. 2013) . The molecular analysis here performed concurs with species clustering by host family and order, especially in the clades containing Henneguya and Myxobolus species, probably because these two genera possess more adequate comparative molecular data. In the case of Ortholinea, the few molecular data available are insufficient to provide information on this evolutionary signal. Although Ortholinea sp. AL-2006 and Ortholinea sp. HS-2012 cluster together, having both been described from a fish host of the family Siganidae, these species are, in fact, parasites of the same host species, Table 2 Ortholinea spp. characterized by the presence of surface ridges and described from the excretory system of freshwater and marine fish Meglitsch (1970) Measurements are given in micrometers SL spore length, SW spore width, ST spore thickness, PCL polar capsule length, PCW polar capsule width, nFC number of polar filament coils S. rivulatus, making illations at the family level void of significance. Overall, the paucity of reliable molecular data for most myxosporean genera cannot be ignored when substantiating hypotheses, especially for poorly studied genera such as Ortholinea, for which the acquisition of additional data is crucial.
